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3.	 Although	 BSIMMs	 with	 different	 TDFs	 varied	 markedly	 in	 their	 performance,	
the	statistical	package	SIDER	generated	TDFs	for	both	feathers	and	blood	that	
resulted	 in	model	 outputs	 that	 accorded	well	with	 direct	 observations	 of	 prey	
provisioning.	Using	feather	TDFs	derived	from	captive	peregrines	Falco peregrinus 
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1  | INTRODUC TION
Stable	 isotope	analysis	of	consumer	tissues	 is	an	effective	 indirect	




the	stable	 isotope	ratios	of	 foods	 is	 incorporated,	with	some	frac-
tionation,	 into	 consumer	 tissue	 in	 a	 generally	 predictable	manner	
(Hobson	&	Clark,	 1992).	By	 analysing	 isotope	 ratios	 in	 the	 tissues	
of	consumers	and	their	putative	 foods,	 it	 is	possible	 to	model	 iso-
tope	mixing	and	infer	the	relative	importance	of	food	groups	to	the	
consumer	 (Inger	&	Bearhop,	 2008).	 Recent	 advances	 have	moved	
stable	 isotope	mixing	models	 (SIMMs)	 into	 a	 Bayesian	 framework	
(BSIMMs),	which	 incorporates	 uncertainty	 in	 parameter	 estimates	






2011;	 Moore	 &	 Semmens,	 2008),	 particularly	 where	 the	 propor-
tional	contribution	to	ingested	items	reflects	later	assimilation	of	C	











A	 further	 challenge	 in	 formulating	 mixing	 models	 is	 trophic	
discrimination,	 which	 is	 the	 change	 in	 isotope	 ratios	 arising	 from	
physiological	processes	during	incorporation	of	dietary	protein	into	












If	 properly	 implemented,	 BSIMMs	 can	 produce	 accurate,	
probabilistic	estimates	of	animal	diets	(Moore	&	Semmens,	2008;	
Parnell	 et	 al.,	 2013),	 yet	 concerns	 have	been	 raised	over	misuse	
and	 sensitivity	 to	 input	 parameters	 (Boecklen,	 Yarnes,	 Cook,	 &	
James,	 2011;	 Derbridge	 et	 al.,	 2015;	 Franco‐Trecu	 et	 al.,	 2013;	
Martínez	Del	Rio,	Wolf,	Carleton,	&	Gannes,	2009).	This	has	 led	




in	 controlled	 conditions	 provide	 a	 powerful	 approach	 to	 testing	
mixing	 model	 performance	 (Caut,	 Angulo,	 &	 Courchamp,	 2008;	
Derbridge	 et	 al.,	 2015),	 they	 can	 lack	 the	 variation	 in	 diet	 and	
physiology	typical	of	wild	animals	(Boecklen	et	al.,	2011).	This	vari-
ation	will,	 amongst	other	processes,	 change	patterns	of	nutrient	
incorporation	 into	different	 tissues	 (isotopic	 routing;	Podlesak	&	
McWilliams,	2006).	Therefore,	model	validation	in	captivity	is	best	









To	 measure	 BSIMM	 performance,	 a	 system	 is	 required	 for	
which	accurate	dietary	data	from	a	direct	method	can	be	aligned	
with	stable	isotope	analysis	of	tissue	integrated	over	a	comparable	




been	 aided	 by	 remote	 cameras	 (Rogers,	 DeStefano,	 &	 Ingraldi,	
2005).	Although	this	method	can	be	costly	(Tornberg	&	Reif,	2007)	
and	might	 include	 its	 own	biases,	 such	 as	 underestimating	 small	
or	difficult	 to	 identify	prey	 (García‐Salgado	et	 al.,	 2015),	 dietary	
estimates	from	cameras	can	represent	the	most	complete	assess-
ments	 of	 raptor	 diets	 (García‐Salgado	 et	 al.,	 2015;	 Lewis,	 Fuller,	
&	 Titus,	 2004)	 and	 have	 been	 used	 to	 evaluate	 other	 analytical	




Buzzards	 are	 a	medium‐sized	 bird	 of	 prey	 (mean	 =	 693	 g	males	
and	865	g	females)	found	across	much	of	the	Palaearctic	(Cramp	
&	Simmons,	1980).	In	the	United	Kingdom,	the	species	has	rapidly	
increased	 in	 range	 and	 density,	with	 breeding	 densities	 of	 >130	
pairs	 per	 100	 km2	 in	 some	 areas	 (Prytherch,	 2013).	 Their	 rapid	
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2  | MATERIAL S AND METHODS
Fieldwork	was	conducted	from	May	to	August	2015	on	three	study	
sites	 in	Cornwall,	UK	 (50°21′N,	4°49′W).	Habitat	 on	 the	 three	 sites	

















to	 category.	 Each	 item	 was	 classed	 as	 small,	 medium	 or	 large	 in	
relation	 to	 the	mean	 size	 for	 that	 species	or	 category	 (Supporting	
Information	 B).	 For	 larger	 prey	 items	 (>100	 g),	 the	 proportion	 of	






















Prior	 to	 analysis,	 data	 from	 ‘conventional’	 analytical	 methods	
(prey	remains	and	pellet	collections)	were	combined.	This	approach	is	
commonly	used	to	characterize	raptor	diets	(Rooney	&	Montgomery,	
2013),	 although	 the	 biases	 from	 such	methods	 can	 vary	 between	
species	 (Redpath,	 Clarke,	 Madders,	 &	 Thirgood,	 2001)	 and	 years	
(Francksen	et	al.,	2016)	and	we	acknowledge	that	combining	meth-
ods	 may	 not	 always	 be	 appropriate.	 Such	 datasets	 will	 typically	







grown	 body	 feathers	 were	 sampled	 under	 licence	 (Supporting	






feathers	means	 both	RBCs	 and	body	 feathers	will	 represent	 chick	
diets	during	the	early	nesting	period	(Bearhop,	Waldron,	Thompson,	
&	Furness,	2000;	Hobson	&	Clark,	1993).	The	majority	of	the	sam-
pled	 tissue	 therefore	 represents	 dietary	 information	 from	 prior	 to	
camera	deployment,	creating	some	temporal	disparity	in	our	data.
Access	 to	 food	 sources	 between	 delivery	 by	 the	 parent	 and	
ingestion	by	the	chick	is	a	particular	benefit	of	this	system,	assur-
ing	that	tissue	samples	are	more	directly	representative	of	those	
eaten.	Therefore,	 all	 fresh	prey	 items	 found	within	 the	nest	 cup	
were	sampled	by	taking	up	to	0.5	g	of	muscle	before	the	remaining	
prey	was	 returned	 to	 the	 nest.	 Additional	 amphibian	 tissue	was	
collected	 opportunistically	 from	 carcasses	 found	 in	 or	 near	 the	





















We	 identified	 values	 for	 feathers	 and	whole	 blood	 from	 two	 taxo-




















sion	of	uncommon	 items	 tends	 to	 improve	mixing	model	accuracy	
(Phillips	 &	 Gregg,	 2003).	 For	 all	 methodological	 comparisons,	 we	
used	 biomass	 rather	 than	 frequency	 of	 occurrence,	 as	 the	 former	
provides	 the	best	measure	of	 relative	 importance	 in	diet.	Biomass	
estimates	from	provisioning	observations	and	conventional	methods	
were	calculated	for	every	prey	category	at	each	nest.	Proportional	
biomass	 estimates	 for	 the	main	prey	 categories	 at	 each	nest	 then	








variance in δ15N and δ13C	among	prey	categories,	we	used	ANOVAs	and	
Tukey's	post	hoc	tests.	We	used	SIMMR	v0.4.1	(Parnell	&	Inger,	2016;	
Parnell,	 Inger,	Bearhop,	&	Jackson,	2010),	 to	 infer	the	relative	contri-
butions	of	six	prey	categories	 to	 the	diets	of	buzzard	chicks.	Models	
included	 the	mean	 and	 standard	 deviation	 of	 δ15N and δ13C	 for	 the	
prey	categories	(Table	2).	To	account	for	non‐independence	of	buzzard	
chicks	from	the	same	nest,	we	used	mean	δ15N and δ13C	values	per	nest.
To	 test	 the	 effects	 of	 different	 TDFs,	 the	 model	 outputs	 using	




taken	 to	 indicate	 significant	 overlap.	We	 conducted	 pairwise	model	










informative	priors	constructed	using	 the	 ‘simmr_elicit’	 function	 from	













Δ13C Δ15N Δ13C Δ15N
Peregrine	falcon +0.2	±	0.0 +3.3	±	0.4 +2.1	±	0.1 +2.7	±	0.5
California	condor −0.7	±	0.1 +1.7	±	0.1 +0.4	±	0.4 +3.1	±	0.2
Meta‐analysis +0.4	±	0.7 +3.1	±	1.1 +2.2	±	1.4 +4.1	±	1.2
SIDER
Rabbit +2.3	±	1.6 +2.8	±	1.0 +3.3	±	1.6 +3.7	±	1.0
Rodents +2.1	±	1.6 +3.3	±	1.0 +3.1	±	1.6 +4.2	±	1.0
Shrews	and	moles +1.4	±	1.5 +2.1	±	1.0 +2.4	±	1.5 +3.0	±	1.0
Gamebirds +1.1	±	1.5 +2.8	±	1.0 +2.1	±	1.5 +3.6	±	1.0
Corvids +1.1	±	1.5 +2.2	±	1.0 +2.1	±	1.5 +3.1	±	1.0
Frogs	and	toads +1.6	±	1.6 +2.8	±	1.0 +2.6	±	1.6 +3.6	±	1.0
Note: TDFs	were	from	taxonomically	similar	species:	peregrine	falcon	Falco peregrinus	fed	on	















to	 their	 rapid	 consumption.	 This	 category	 included	 104	 (43%)	 de-
liveries	 identified	 as	 ‘small	mammals’,	 but	where	 shrews	 and	 small	
rodents	could	not	be	distinguished.	We	were	able	 to	 identify	soft‐
bodied	 invertebrates	 (earthworms)	 in	 camera	 footage	 but	 only	 re-
corded	nine,	 justifying	 our	 exclusion	 of	 this	 prey	 group.	On	 seven	
nests,	released	pheasant	poults,	identified	by	clipped	primary	feath-
ers,	were	 recorded	towards	 the	end	of	 the	monitoring	period.	The	







We	 obtained	 isotope	 ratio	 data	 from	 RBCs	 and	 feathers	 from	
29	buzzard	 chicks	 from	20	nests.	 There	was	 a	 strong	positive	 re-




between	 tissue	 types	 (Greer,	Horton,	&	Nelson,	 2015).	 Sixty‐nine	
prey	 tissue	 samples	 were	 collected	 from	 the	 six	 prey	 categories	
(Table	3).	There	was	significant	variation	among	categories	 in	δ13C	
(F5,63	=	25.73,	p	 <	 .001)	 and	δ


























isotope	 mixing	 models	 and	 more	 conventional	 methods	 could	 be	
compared.	Although	camera	observations	are	not	 themselves	 free	
from	bias	 (García‐Salgado	et	 al.,	 2015),	 our	 approach	 represents	 a	
significant	advance	from	testing	mixing	model	performance	by	com-
parison	 among	models	 (Bond	&	Diamond,	 2011)	 or	 other	 indirect	
methods	(Franco‐Trecu	et	al.,	2013;	Ramos,	Ramírez,	Sanpera,	Jover,	
&	Ruiz,	2009;	Resano‐Mayor	et	al.,	2014;	Weiser	&	Powell,	2011).	
Our	 results	 show	 that,	with	 the	 right	 choice	 of	 TDFs,	 and,	 in	 this	
case,	by	not	using	informative	priors,	BSIMMs	produced	estimates	
of	diet	that	closely	matched	direct	observations.
The	 SIDER	 package	was	 the	 only	 TDF	 source	 to	 produce	mean	







Stable isotope ratios Informative prior
n δ15N ± SD δ13C ± SD ±SD
Rabbits 24 6.1	±	1.7 −28.8	±	0.5 0.523	±	0.280
Rodents 17 4.2	±	2.6 −28.3	±	1.5 0.028	±	0.035
Shrews	and	moles 7 9.0	±	1.7 −25.8	±	1.0 0.037	±	0.107
Gamebirds 9 6.3	±	0.7 −24.7	±	2.1 0.236	±	0.235
Corvids 5 8.6	±	1.5 −25.0	±	0.6 0.174	±	0.159
Frogs	and	toads 7 6.3	±	1.5 −26.5	±	0.4 0.002	±	0.005
Note: Prey	categories	sampled	for	isotope	ratios	were:	rabbits	(Oryctolagus cuniculus),	rodents	(3	
Apodemus sylvaticus,	14	Myodes glareolus/ Microtus agrestis),	shrews	and	moles	(2	Sorex araneus,	




TA B L E  2  The	stable	isotope	ratios	
and	informative	priors	of	six	main	prey	
categories	of	common	buzzards




















Frequency of occurrence Total biomass
N % g %
Lagomorpha Rabbits Rabbit	Oryctolagus cuniculus 178 12.6 33,156 37.4
Rodentia Rodents Vole	Myodes glareolus or Microtus agrestis 359 25.5 6,427 7.2
Rodents Wood mouse Apodemus sylvaticus 49 3.5 1,044 1.2
Rodents Rat	Rattus norvegicus 22 1.6 3,206 3.6
n/a Squirrel	Sciurus carolinensis 9 0.6 3,306 3.7
Soricomorpha Shrews and 
moles
Mole Talpa europaea 59 4.2 5,109 5.8
Shrews and 
moles
Shrew	Soricidae	spp. 66 4.7 470 0.5
Carnivora n/a Mustela nivalis 6 0.4 352 0.4
Galliformes Gamebirds Pheasant	Phasianus colchicus 30 2.1 5,760 6.5
 Released	pheasant	poults 39 2.8 7,836 8.8
Passeriformes n/a Thrush Turdidae spp. 26 1.8 1,984 2.2
n/a Unidentified	Passeriformes 39 2.8 594 0.7
Corvids Corvid	Corvidae	spp. 30 2.1 4,719 5.3
Columbiformes n/a Woodpigeon	Columba palumbus 7 0.5 1,582 1.8
Accipitriformes n/a Buzzard	Buteo buteo 1 0.1 50 0.1
Gruiformes n/a Moorhen Gallinula chloropus 1 0.1 230 0.3
Anura Frogs and 
toads
Frog	Rana temporaria 104 7.4 2,704 3.0
Frogs and 
toads
Toad Bufo bufo 108 7.7 3,196 3.6
Squamata n/a Slow	worm	Anguis fragilis 2 0.1 26 0.0
n/a Grass	snake	Natrix natrix 5 0.4 353 0.4
n/a Adder Vipera berus 1 0.1 83 0.1
Anguilliformes n/a European	eel	Anguilla anguilla 2 0.1 600 0.7
Megadrilacea n/a Earthworm 9 0.6 37 0.0
Unidentified  Shrew	or	small	rodent 104 7.4 1,524 1.7
 Bird	spp. 1 0.1 250 0.3
 Small	(<50	g) 138 9.8 2,236 2.5
 Medium	(50–150	g) 10 0.7 1,040 1.2
 Large	(>150	g) 4 0.3 800 0.9
Total   1,409 100 88,674 100
Total	identified   1,152 82 82,824 93
Total	in	6	prey	
groups
  1,005 71 65,790 74
Note: The	six	most	important	prey	categories	are	shown	in	bold.	Biomass	was	estimated	for	each	prey	item	based	on	species,	size	and	proportion	
provisioned	(Tables	S2	and	S3).
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precision	 (relative	 importance)	 is	 secondary	 to	 accurate	 dietary	 esti-
mates	might	wish	to	use	the	MixSIAR	framework	as	this	allows	treat-
ment	of	individual	units	as	a	random	effect	(Stock	et	al.,	2018;	A.	Parnell,	





TA B L E  3   (Continued)











Similarity to direct observations (Bhattacharyya's coefficient)









1 BSIMM Peregrine No Feather 0.734 ± 0.086 0.782 0.576 0.759 0.698 0.802 0.789
2 BSIMM SIDER No Feather 0.688 ± 0.085 0.731 0.536 0.675 0.666 0.748 0.769
3 BSIMM SIDER No RBCs 0.665 ± 0.151 0.789 0.389 0.618 0.670 0.733 0.792
4 BSIMM Meta‐analysis No Feather 0.643 ± 0.210 0.462 0.304 0.738 0.743 0.830 0.780
5 BSIMM Condor No Feather 0.508	±	0.340 0.021 0.670 0.773 0.125 0.753 0.705
6 BSIMM Condor No RBCs 0.500	±	0.352 0.009 0.699 0.759 0.087 0.768 0.675
7 BSIMM Meta‐analysis No RBCs 0.471	±	0.334 0.017 0.124 0.689 0.449 0.797 0.751
8 BSIMM SIDER Yes	(prey/
pellet)
RBCs 0.470	±	0.268 0.528 0.519 0.386 0.458 0.879 0.048
9 BSIMM Peregrine No RBCs 0.443	±	0.338 0.051 0.140 0.612 0.249 0.800 0.806
10 BSIMM SIDER Yes	(prey/
pellet)
Feather 0.420	±	0.259 0.293 0.482 0.415 0.476 0.822 0.033
11 Prey/
pellet















ancy	 could	 be	 tissue‐specific	 differences	 in	 physiological	 processes,	
such	 as	metabolic	 rate	 and	 isotopic	 routing	 (Boecklen	 et	 al.,	 2011),	
between	wild	 and	 captive	 conditions.	As	 a	 result,	 studies	 based	 on	




Estimates	 of	 diet	 from	 conventional	 analysis	 of	 prey	 remains	
and	pellets	differed	markedly	from	direct	observations	and	reflected	
known	biases	in	favour	of	large,	indigestible	items	and	against	small,	





isotope	 analysis,	 with	 TDFs	 from	 SIDER,	 derived	 similar	 estimates	
from	both	red	blood	cells	(9.7%)	and	feathers	(9.1%).
When	 priors	 from	 analysis	 of	 prey	 remains	 and	 pellets	were	 in-
cluded	 in	 the	BSIMMs,	we	observed	a	substantial	 reduction	 in	 their	
performance.	Model	outputs	began	to	reflect	the	biases	within	con-
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